In this paper, we report the results of laser machining on highly reflective materials, such as Al6061, with an assisting magnetic field. Both static and dynamic magnetic fields are set so as to examine their effect on both the laser machining efficiency and the inlet diameter. During the laser machining, the Lorentz force generated by the assisting magnetic field affects the laser-induced plasma and results in enhanced performance of the laser machining. With a proper arrangement of the static magnetic field, the machining depth can be increased by 266%, and the inlet diameter can be reduced by 42%. With a rotational dynamic magnetic field, both the roundness of the inlet and the HAZ can be improved.
Introduction
Laser beam processing has advanced significantly over the past few decades. It provides high machining accuracy and high machining speed for a wide range of materials. Practically, CO 2 and Nd:YAG lasers are commonly employed as the laser source, due to their excellent performance and affordability. However, laser precision machining encounters difficulty in applications with a highly reflective target surface, which reflects the optical energy and dramatically reduces the processing efficiency. It lengthens the cutting time, increasing the cost of the process and decreasing the yield. Several solutions have been proposed to overcome this issue. Thawari et al. use high power lasers to provide enough energy to penetrate the highly reflective surface without reducing the yield of the process, but efficiency remains low [1] . Gu et al. report that shorter wavelength lasers improve absorption by the reflective material, thereby providing a higher cutting speed [2] . Zhu et al. utilize an ultra-fast pulsed laser, such as a femtosecond laser, to provide high cutting speed without the effect of reflectivity from surfaces [3] . Both methods require expensive equipment, which increases the cost of machining.
A magnetic field has been used in previous research to assist the laser welding by a CO 2 laser in order to provide better machining performance [4] [5] . An assisting magnetic field can also be employed to guide the laser-produced plasma in pulsed laser deposition [6] [7] . The dynamics of the laser-induced plasma in laser machining are also investigated [8] [9] . The studies show that the laser induced plume in the machining process can be confined with an assisting magnetic field in order to increase its plasma density. To the best of our knowledge, the effect of an assisting magnetic field on laser drilling has not been investigated before. In this paper, we report the effect of both of static and dynamic magnetic fields on laser drilling. The hole profiles and laser machining efficiency are examined and measured. The results show that the machining depth can be increased by 266% and the inlet diameter reduced by 42%, with the proper arrangement of the static magnetic field. With a rotational dynamic magnetic field, the roundness of the inlet and the HAZ can be improved.
Experimental Setup
In our experiments, two different magnetic fields: static and dynamic, generated by permanent magnets were used. The whole setup was established on a Sodick AP1L Micro Precision EDM machine. A fixture connected the holders of the optical components, a mirror and a lens, to the column of the EDM machine. The mirror reflected the laser to the sample while the lens with a Z-axis-stage focused the laser onto the sample. The sample, an Al6061 plate, was secured on a precision vice affixed on the XY stage of the EDM machine. The laser source was a Lotis 213 UTF Nd:YAG Laser which provided four harmonic modes, i.e. four different wavelengths. The 532nm wavelength with pulse mode was used in all of our experiments. The maximum energy of a single pulse was 270mJ at this wavelength, while the maximum frequency was 15Hz. The pulse width was around 6ns. For Nd:YAG lasers, Al6061 has a high reflectivity (over 90%). Therefore, the machining efficiency for this material is low. Meanwhile, the specific heat of Al6061 (0.9 J/g℃) is higher than other metals like Au (0.129 J/g℃), and Cu (0.385 J/g℃). Thus, the machining efficiency deteriorated.
For a static magnetic field, we began the experiments with a simple setup as shown in Figure 1 . The NdFeB permanent magnets were directly attached to the sample. The same number of magnets was placed on both sides of the sample to provide a symmetrical static magnetic field. We also positioned the multiple pairs of assembled magnets in a vertical arrangement to study their effects on the laser machining. The details will be discussed in the next section. The sample consisted of two pieces of Al6061 plate, and the drilling spot was at the interface of the two plates. The number of laser pulses was 225 for each experiment.
In order to generate a dynamic magnetic field, the experimental setup was modified, as shown in Figure 2 . A set of assembled permanent magnets on a ball bearing, resulting in the driven set, produced a dynamic magnetic field. The permanent magnets were 5mm in diameter and each assembled magnet consisted of two magnets. The assembled magnets were evenly distributed on the circumference of the ball bearing. The driven set was then fitted into one end of a hollow brass tube, which provided a pathway to the laser beam. The driven set was affixed to another precision vice. The distance from the bottom of the bearing to the sample was kept at 2mm. Arrangements of both one and three pairs of assembled magnets were investigated. The driving set had a pair of two assembled permanent magnets and a motor, as shown in Figure 2 . The diameter of the magnets on the driving set was 10mm. The larger magnets provided a wider range of magnetic force, ensuring smooth rotation of the driven set. The distance from the driving set to the driven set was 15mm. The rotational speed of the driven set followed the rotational speed of the motor on the driving set. 
Results and Discussion
First, we proved that the static magnetic fields do affect the laser-induced plume, by observing the change of the height under different strengths of magnetic field. Second, two different arrangements were performed to investigate the effect of different static magnetic fields on laser drilling. Finally, dynamic magnetic fields were applied to investigate their effect on laser drilling. The profiles, depth and inlet diameter of the machined holes were all recorded and the reasons were discussed for each case.
Height of Laser-Produced Plasma
We investigated the height of laser-produced plasma with different strengths of static magnetic fields. The investigation was performed with the setup shown in Figure 1 . Three different positions of magnets were employed in the measurements. A CCD recorded the images of the plasma with a pair of goggles in front of the CCD for protection. The number of magnets was varied from one to four on both sides of the sample. First, the tops of the magnets were positioned 2mm above the top of the sample. The strength of the magnetic field at the middle of the top surface of the sample was measured by a Gauss-meter. It increased with the number of the magnets, ranging from 1666 Gauss to 4230 Gauss. The height of the laser-produced plasma increased with the number of magnets as well. Two more arrangements were tested; one at the same height as the sample and the other, 2mm below the top surface of the sample. The results are shown in Figure 3 . The strengths in the second arrangement ranged from 189 Gauss to 530 Gauss, while those in the third arrangement ranged from 154 Gauss to 79 Gauss. With the smaller strength in the last two arrangements, the plasma was shorter. Moreover, these arrangements with four magnets showed a much lower magnetic field strength, and resulted in even shorter plasma. 
Static Magnetic Field
Two different arrangements for generating a static magnetic field were examined in our experiments. One was a single pair of assembled magnets on both sides of the sample, and the other consisted of multiple pairs of assembled magnets in a vertical arrangement.
Single pair of magnets
The pairs of one to four magnets were tested in this arrangement. Three different positions, as described above, of the pairs were examined. From the profiles of the drilling holes shown in Figure 4 , the depth with the pairs of the magnets was deeper than without the magnetic field. The deepest hole occurred with the pair of single magnets. The curves clearly shown inside the holes by the pairs of single or two magnets are believed to be the recasting of removed material on the hole sidewall. The melted material could not be removed from the hole due to its depth. With the pairs of three and four magnets, the profiles show the amphoral cross-section. We believe it was due to the bombardment of laser-induced plasma by the Lorentz force from the strong magnetic field. The profiles showed that the stronger a magnetic field, the more bombardment of the plasma in the hole. The measured depths and inlet diameters of the holes are shown in Figure 5 . The depth of the hole with a pair of single magnets reached around 1400μm, a 133% increase to the hole without a magnetic field. The inlet diameter was reduced by 33%.
Figure 5 Depth and inlet diameter of holes with magnets 2mm above the sample
For the pairs of magnets placed at the same height as the top of the sample, the profiles clearly showed the confinement of the laser-induced plasma from the shrinkage of the inlet diameter. The recasting material was still seen in the holes with the pairs of three and four magnets. The depths were not as deep as those in the previous case. Moreover, the depths were less than that of the hole without a magnetic field. The enhanced bombardment was also observed with the pair of four magnets.
The measured depths and inlet diameters of the holes are shown in Figure 7 . Although the inlet diameters were reduced in all cases, the depths were reduced by 17% and 33% with the pairs of one and two magnets, respectively. We then placed the pairs of magnets 2mm below the top of the sample to examine the drilling performance. The profiles of the drilling holes are shown in Figure 8 . They show that the narrow-neck shape appeared at the inlets. The measured depths and inlet diameters are shown in Figure 9 . The depths of the holes were all deeper than those in the previous case. Moreover, the depths were all greater than that of the hole without a magnetic field. The deepest hole occurred with the pair of three magnets. With the pair of four magnets, the magnetic strength at the spot of machining was measured to be less than with three magnets, resulting in a shallower hole.
Figure 8
Profiles of drilling holes with magnets 2mm below sample (scale bars shown are 500μm)
Multiple pairs of magnets
We also investigated the effect of multiple pairs of assembled magnets in a vertical arrangement on the laser drilling. Four arrangements, shown in Figure 10 , were tested.
Figure 9
Depth and inlet diameter of holes with magnets 2mm below sample Figure 10 Vertical arrangements of multiple magnetic pairs First, the top pair was placed 2mm above the surface of the sample. The profiles, measured hole depths, and inlet diameters are shown in Figure 11 and Figure 12 . The profile with the arrangement 3-3/3-3↑ showed an amphoral shape, indicating strong plasma confinement at the inlet and bombardment inside the hole. We believed that the lower pair of assembled magnets enhanced the magnetic field and resulted in the strong bombardment. The depth with arrangement 3-3/3-3*2↑ reached 1600μm and there was no bombardment visible inside the hole. We believe that this was because the positions of the two pairs of assembled magnets shifted from the machining spot and provided a downward bombardment inside the hole. The depth with arrangement 1-1/3-3↑ showed a depth less than those of the other arrangements. We believe that this was due to the less efficient machining at the inlet with a pair of single magnets.
Figure 11
Profiles of holes with vertical arrangements of multiple assembled magnets 2mm above sample (scale bars shown are 500μm) Figure 12 Depth and inlet diameter of drilling holes with multiple assembled magnets 2mm above sample (scale bars shown are 500μm)
We then placed the vertical arrangements at the same height as the sample surface in order to compare the results with the previous cases. The profiles and measured depths and inlet diameters are shown in Figure 13 and Figure 14 . The comparison between this arrangement and the previous case is also shown in Figure 14 . With arrangement 3-3/3-3, it can clearly be seen that the profile did not show the amphoral shape, and the depth was less than arrangement 3-3/3-3↑. The profile, depth and inlet diameter with arrangement 3-3/3-3*2 were similar to those with arrangement 3-3/3-3*2↑. The depth with arrangement 3-3/1-1 reached 1640μm, while the inlet diameter was reduced to 280μm. The magnetic field provided a better confinement of the plasma and formed a downward Lorentz force to increase the machining efficiency. From the above experimental results, the amphoral holes were obtained by laser machining with some arrangements of magnets. With an external magnetic field, a laser-induced plasma is expanded [10] [11] or confined [12] [13] depending on the orientation of the magnetic field. In our case, the laser-induced plasma is perpendicular to the magnetic field and expands in the direction along the magnetic field if the strength of the field is large enough [8] . Meanwhile, the ion density is higher on the outer shell of the plasma than it inside the plasma due to the Lorentz force. We believe that the expanding of laser-induced plasma increases the removal rate of material on the sidewalls and results in the amphoral shape. 
Dynamic Magnetic Field
The experiments with a dynamic magnetic field were performed with the second setup described in the Experimental Setup Section. Three different spinning speeds: 0rpm, 100rpm and 350rpm, of the driving set were used to present the different dynamic performance of a magnetic field. We also investigated the machining performance with two different arrangements of magnets, one pair and three pairs of the assembled magnet set. Each assembled magnet had two permanent magnets. The pictures of resulting inlets are shown in Table 1 and Table 2 . The measured inlet diameters and depths of holes are shown in Figure 15 . Compared to the hole with no magnetic field, the inlet diameter with a stationary pair of assembled magnets was reduced by about 30%, and the heat affected zone (HAZ) was reduced by 37%. The diameter and depth, however, were not effectively improved with the increased spinning speed. We believe it was due to the non-uniform distributed magnetic field between the driving and driven sets resulting in an unstable rotation of the single pair of assembled magnets. Table 1 Pictures of inlets with one pair of assembled magnet set at different spinning speeds (scale bars shown are 500μm)
No Magnets 0 rpm 100 rpm 350 rpm
Conclusions
The effect of a magnetic field, both static and dynamic, on the performance of laser drilling was studied and reported in this paper. The Lorentz force was the main force confining the laser-induced plasma at the inlet and assisting the laser machining inside the hole.
For the static magnetic field generated by the single pairs, the machining efficiency was better when the magnets were positioned 2mm above the sample. With one pair of single magnets placed 2mm above the sample surface, the machining efficiency was highest, while the inlet diameter was the smallest if they were placed 2mm below the sample surface.
For the static magnetic field generated by multiple pairs of the assembled magnets, arrangement 3-3/3-3*2↑ provided the best result to both the machining efficiency and the inlet diameter.
For the dynamic magnetic field generated by rotational assembled magnets, a smooth magnetic field improved the roundness of the inlet, and the HAZ was reduced. 
